Decreased expression of vascular endothelial growth factor (VEGF) in the renal tubules is thought to cause progressive loss of the renal microvasculature with age. Mitochondrial dysfunction may be a principal phenomenon underlying the process of aging. The relation between VEGF expression and mitochondrial dysfunction in aging is not fully understood. We hypothesized that mitochondrial dysfunction blocks VEGF expression and contributes to impaired angiogenesis in the aging kidney. The aim of this study was to assess the role of mitochondria in VEGF expression in the aging rat kidney. We evaluated the accumulation of 8-hydroxy-2 0 -deoxyguanosine in mitochondrial DNA, as well as mitochondrial dysfunction, as assessed by electron microscopy of mitochondrial structure and histochemical staining for respiratory chain complex IV, in aging rat kidney. An increase in hypoxic area and a decrease in peritubular capillaries were detected in the cortex of aging rat kidneys; however, upregulation of VEGF expression was not observed. The expression of VEGF in proximal tubular epithelial cells in response to hypoxia was suppressed by the mitochondrial electron transfer inhibitor myxothiazol. Mitochondrial DNA-deficient cells also failed to upregulate VEGF expression under hypoxic conditions. These results indicate that impairment of VEGF upregulation, possibly as a result of mitochondrial dysfunction, contributes to impaired angiogenesis, which in turn leads to renal injury in the aging rat kidney.
Healthy elderly individuals without other identifiable renal disease show a decrement in the glomerular filtration ratio of approximately 2 ml/min/year, presumably as a result of aging nephropathy. 1 The presence of mild chronic kidney disease enhances the risk for cardiovascular disease, bone disease, frailty, and adverse drug reactions and increases morbidity and mortality. 2, 3 Elucidation of the mechanisms of renal dysfunction accompanying aging may be useful in the prevention or progression of chronic kidney disease and cardiovascular disease. Aging-specific structural changes have been identified in the kidney; the glomerular basement membrane thickens, and mesangial sclerosis and tubulointerstitial fibrosis have been reported in rodents, dogs, pigs, baboons, and humans. 4 Loss of the microvasculature as a result of changes in the local production of angiogenic factors is associated with age-related structural and functional changes in rat kidney. For example, decreased expression of vascular endothelial growth factor (VEGF) and increased expression of thrombospondin-1 in the tubules has been reported to cause progressive loss of the renal microvasculature. 5 However, the mechanisms of decreased angiogenesis have not been fully elucidated.
Normal mitochondrial function is imperative for optimal energy production. 6 Aging cells have a diminished ability to produce ATP, owing to changes in mitochondrial structure and function. Therefore, mitochondrial dysfunction may be a principal phenomenon underlying the process of aging. Mitochondria are thought to be involved in oxygen sensing. 7 It has been suggested that the electron transport chain functions as an O 2 sensor by releasing reactive oxygen species (ROS) from complex III in response to hypoxia. 8, 9 Oxidative stress increases with aging, and the accumulation of oxidative damage to mitochondrial DNA appears to be involved in the aging phenotype. Thus, impairment of mitochondria in response to oxidative stress accumulation may decrease mitochondrial oxygen sensing. We hypothesized that mitochondrial dysfunction induced by oxidative stress impairs angiogenesis in the aging kidney, resulting in tubulointerstitial damage. To elucidate whether mitochondrial dysfunction and impaired angiogenesis are present in the aging rat kidney, we compared renal morphology and mitochondria in old versus young rats. We also assessed the role of mitochondria in VEGF expression in cultured proximal tubular epithelial cells.
MATERIALS AND METHODS Materials
Wistar rats were purchased from Charles River Japan (Kanagawa, Japan). Antibody against rat endothelial cell antigen 1 (RECA-1; MCA970GA) was from AbD Serotec MorphoSys UK (Oxford, UK). The Hypoxyprobe-1 Kit containing solid pimonidazole HCl and mouse monoclonal antibody was from Hypoxyprobe (Burlington, MA, USA). Antibody against VEGF (sc-507) and normal rabbit IgG (sc-2027) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-nitrotyrosine antibody (#06-284) was from Millipore Corp. (Billerica, MA, USA). Anti-malondialdehyde (MDA) antibody, anti-8-hydroxy-2 0 -deoxyguanosine (8-OHdG) antibody, and the enzyme-linked immunosorbent assay (ELISA) kit for 8-OHdG were from the Japan Institute for the Control of Aging (Shizuoka, Japan). The chromatin immunoprecipitation (ChIP)-grade polyclonal hypoxiainducible factor-1 (HIF-1) a-antibody (ab2185) was from Abcam (Cambridge, MA, USA). The Histofine Simple Stain MAX-PO kit was from Nichirei (Tokyo, Japan). Antibodies against p38 mitogen-activated protein kinase (p38 MAPK; #9212), phospho-p38 MAPK (#9211), AMP-activated protein kinase (AMPK; #2532), and phospho-AMPK (#2531) were from Cell Signaling Technology (Danvers, MA, USA). The Human VEGF ELISA kit was from Thermo Scientific (Rockford, IL, USA). The Mitochondrial DNA Isolation Kit was from BioVision. (Mountain View, CA, USA). The One Day ChIP assay kit was from Nippon Gene (Tokyo, Japan). Normal human proximal tubular epithelial cells (hPTECs), culture medium (REBM), and the additional factor set (REGM SingleQuots Supplements and Growth Factors) were from Lonza Walkersville (Walkersville, MD, USA). Primers for PCR and real-time (RT)-PCR and probes for RT-PCR were from Sigma-Genosys (Hokkaido, Japan). Other reagents were locally available and of analytic grade. RT-PCR reagents were from Takara Bio (Otsu, Shiga, Japan). Amersham ECL Plus Western Blotting Detection Reagents and Amersham Hyperfilm ECL were from GE Healthcare Japan (Tokyo, Japan).
Animals
Male Wistar rats were used for this study. Rats of two age groups (4 months old, n ¼ 10; 24 months old, n ¼ 10) were housed one per cage in a room maintained at 211C to 241C with a 12:12-h light-dark cycle and fed standard rat chow and water ad libitum. 80-23, revised 1996) . All efforts were made to minimize animal suffering, to reduce the number of animals used, and to utilize alternatives for the in vivo techniques, if available. One week before tissue harvesting, body weight was recorded, and blood pressure was measured by the tail-cuff method with an automatic sphygmomanometer (BP98A; Softron, Tokyo, Japan), and rats in both age groups were placed in metabolic cages for 24 h to collect urine. All rats received injection of pimonidazole (60 mg/kg) by means the tail vein, followed 2 h later by anesthesia with pentobarbital (50 mg/kg, intraperitoneal) and sevoflurane (5%, inhalation), blood was collected through cardiac puncture, and the kidneys were removed by a midperitoneal incision. Pimonidazole injection did not interfere with any of the other measurements (Supplementary Figure 1) . Half of each left kidney was cut in cross-section and fixed in 4% paraformaldehyde, and the remaining half was used for the preparation of unfixed cryostat sections. A sample of cortical tissue from each right kidney was snap-frozen in liquid nitrogen and stored at À801C for subsequent RNA, mitochondrial DNA (mtDNA), and protein assays. Proteinuria and creatinine levels in serum and urine were measured by SRL (Tokyo, Japan).
ELISA for Urinary 8-OHdG
The amount of 8-OHdG in urine was measured with a competitive ELISA kit (Japan Institute for the Control of Aging) after protein exclusion with a 10 000 molecular weight cut-off mesh to avoid interference by urinary protein.
Renal Histopathology
For light microscopy, paraffin-embedded sections (4-mm thickness) were stained with Masson-trichrome. Tubulointerstitial injury was graded according to the extent of tubular and interstitial damage compared with areas of normal architecture (0 ¼ no change; 1 ¼ o25%; 2 ¼ 25%-50%; 3 ¼ 50%-75%; 4 ¼ 75%-100%). For each section, the entire cortical and juxtamedullary regions were evaluated. The severity of glomerular injury was evaluated according to sclerotic lesions in the glomeruli (0 ¼ no change; 1 ¼ o25%; 2 ¼ 25%-50%; 3 ¼ 50%-75%; 4 ¼ 75%-100%). A totsl of 50 glomeruli were randomly selected from each rat, and the mean score was calculated. Tissues were also processed for electron microscopy as described previously 10 to assess ultrastructural alterations in the mitochondria.
Immunohistochemistry
Paraffin sections (4-mm thickness) were used for immunohistochemical studies, with the exception of RECA-1 staining, which used cryostat sections. Anti-RECA-1, antipimonidazole, anti-VEGF, anti-MDA, anti-nitrotyrosine, and anti-8-OHdG antibodies were applied to renal sections overnight at 41C. Antibody binding was detected with the Histofine Simple Stain MAX-PO kit and diaminobenzidine (Sigma-Aldrich Japan, Tokyo, Japan). The percent positive area was measured with a color image analyzer (WinLoof; Mitani, Fukui, Japan). A total of 20 consecutive fields from each kidney were evaluated randomly at a magnification of Â 100.
Cytochrome c Oxidase (COX) Staining
To examine mitochondrial respiratory activity in vivo, COX staining was performed as described previously. 11 The percent positive area was measured with a color image analyzer. A total of 20 consecutive fields from each kidney were evaluated randomly at a magnification of Â 100.
Oligonucleotide Microarray Hybridization and Data Analysis Gene expression profiling of rat kidneys was performed with the GeneChip Rat Genome 230 2.0 array (Affymetrix, Santa Clara, CA, USA). Each sample subjected to microarray hybridization consisted of total RNA extracted from the renal cortex of both 4-month-old and 24-month-old rats. All procedures for microarray analysis were carried out by Kurabo Industries, Bio-Medical Department (Osaka, Japan). Gene expression data were analyzed with GeneSpring GX software (Agilent Technologies, Santa Clara, CA, USA).
Quantitative RT-PCR of Mitochondrial mRNA Expression
Isolation of RNA and quantitative RT-PCR were performed as described previously. 12 Primers and probes for TaqMan analysis were designed with Primer 3 online software (http:// frodo.wi.mit.edu/primer3/; accessed 1 January 2010) based on sequence information from GenBank. Primers and probes are listed in Supplementary Figure 2 . The level of expression in each sample was expressed according to that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase or 18S ribosomal RNA.
Mitochondrial DNA Short-and Long-Extension PCR Amplification The mtDNA was isolated from rat renal cortex with a mitochondrial DNA kit according to the manufacturer's protocol. Long-range PCR was used to co-amplify long and short mtDNA fragments. 13 The PCR products were electrophoresed on 1% agarose gels and stained with ethidium bromide to visualize the 8636-bp and 316-bp DNA products. Band intensity was measured with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA), and the ratio of long to short DNA fragments was calculated.
Cell Culture
Normal hPTECs were maintained in REBM with REGM SingleQuots at 371C in 5% CO 2 . Mitochondrial DNAdepleted (r0) hPTECs were prepared essentially according to King and Attardi. 14 The oxygen concentration was changed to 21% O 2 (room air), 5% O 2 , or 2% O 2 hypoxia by adjusting the settings of the CO 2 incubator. In some experiments, hPTECs were pretreated with myxothiazol 2 h before hypoxia. The hPTECs were incubated at different O 2 concentrations for 2 h to 24 h (2 h for western blot analysis, 4 h for ChIP assay, and 24 h for VEGF immunostaining).
ELISA for VEGF Supernatant was collected from the culture medium, and VEGF concentration was determined with an ELISA kit according to the manufacturer's protocol.
ChIP Assay
The ChIP assay was performed with a One Day ChIP kit, according to the manufacturer's protocol. In brief, cultured cells were cross-linked with formaldehyde. Fragmented chromatin was then immunoprecipitated with a rabbit polyclonal HIF-1a antibody. Rabbit IgG was used as a negative control. The input was the supernatant from the no antibody control. The region from À1140 to À788 of the VEGF promoter was amplified by PCR from immunoprecipitated chromatin with the following primers: sense, 5 0 -GCGGGTAGGTTTGAATCATC-3 0 ; antisense, 5 0 -GC CTGCAGACATCAAAGTGA-3 0 . The 353-bp PCR product was resolved on a 1.2% agarose gel and visualized by ethidium bromide staining and ultraviolet illumination. Signals were quantified by densitometry. Band intensity was measured with a PhosphorImager, and the ratio to input was calculated.
Western Blot Analysis
Rat renal samples or cultured hPTECs were homogenized on ice in 1 ml of lysis buffer containing protease inhibitors and centrifuged at 8000 g for 10 min. The protein concentration of the supernatants was determined with a Bio-Rad protein assay kit, and 40 mg to 60 mg of protein was subjected to western blot to with appropriate antibodies to determine the levels of nitrotyrosine, phosphorylated p38 MAPK, total p38 MAPK, phosphorylated AMPK, and total AMPK. Signals were visualized with Amersham ECL Plus Western Blotting Detection Reagents, captured on Amersham Hyperfilm ECL, and scanned and quantified by densitometry. Coomassie brilliant blue staining of the membrane confirmed equal loading and transfer.
Statistical Analysis
Values are expressed as mean ± s.e.m. Statistical comparisons were made by one-factor analysis of variance with a TukeyKramer test for multiple comparisons or a Welch t-test, as appropriate. The level of significance was set at Po0.05.
RESULTS

Physiological Changes in Aged Rats
Physiological characteristics of young (4-month-old) and old (24-month-old) rats are listed in Table 1 . No significant difference was observed in the kidney weight /body weight ratio between young and old rats. However, old rats showed significantly increased body weight, mean blood pressure, and serum creatinine and decreased creatinine clearance compared with young rats. Old rats also showed significantly higher levels of urinary protein and 8-OHdG excretion compared with young rats.
Tubulointerstitial Damage and Peritubular Capillary Loss in the Aging Rat Kidney
Renal histological changes accompanying aging were assessed by Masson-trichrome staining. An increase in tubulointerstitial injury, including tubular atrophy and interstitial fibrosis, was observed in old versus young rats ( Figure 1a and b). The injury score showed a statistically significant increase in old versus young rats ( Figure 1c ). Peritubular capillaries were assessed by staining for RECA-1. The RECA-1 antibody reacts with rat endothelial cell surface antigen, thereby staining the peritubular capillary endothelium. In old rats, a significant decrease in the peritubular capillary area was detected compared with that in young rats (Figure 1d and e). The RECA-1-positive area, as an index of peritubular capillary volume, showed a statistically significant decrease in old versus young rats (Figure 1f ). Glomerular injury, including sclerotic change, was observed in old rats (Figure 1g and h). The injury score showed a statistically significant increase in old versus young rats (Figure 1i ).
Interstitial Hypoxia and VEGF Production in the Aging Rat Kidney
To determine whether a decrease in peritubular capillary volume results in tubular hypoxia, we assessed tubulointerstitial tissue hypoxia with the use of the bioreductive hypoxia marker pimonidazole. In young rat kidney, hypoxia was observed only in the medullary area (Figure 2a) . However, in old rat kidney, hypoxia spread to the cortical area (Figure 2b) . The pimonidazole-positive area in the cortex showed a statistically significant increase in old versus young rats (Figure 2c ). In general, VEGF expression increases in correspondence with hypoxia, resulting in a promotion of angiogenesis. However, despite the increase in renal hypoxic area, VEGF upregulation was not observed (Figure 2d and e) . On the contrary, the VEGF-positive area showed a statistically significant decrease in old versus young rats (Figure 2f ). Microarray data also showed decreases in VEGF-A, VEGF-B, and VEGF receptor-2 expression in old rat kidney (Table 2) . RT-PCR data also indicated that expression levels of VEGF-A, VEGF-B, and VEGF receptor-2 were significantly decreased in aged rat kidney ( Table 3) .
Accumulation of Oxidative Stress in the Aging Rat Kidney
To determine whether oxidative stress is increased in the aging rat kidney, we performed immunohistochemistry for the oxidative stress markers MDA, nitrotyrosine, and 8-OHdG. Figure 3a and b show representative immunohistochemical results for MDA, one of the final products of polyunsaturated fatty acid peroxidation. There were few MDA-positive tubules in young rats and an increase in old rats. The MDA-positive area showed a statistically significant increase in old versus young rats (Figure 3c ). Nitrotyrosine, a product of tyrosine nitration mediated by the peroxynitrite anion, was also increased in cortical tubules in old rats compared with young rats (Figure 3d and e) . In old rats, greater than 60% of the cortical area was positive for nitrotyrosine staining (Figure 3f) . The nitrotyrosine protein level was also examined by western blot (Figure 3j ). It was also significantly increased in old compared with young rat kidney. 8-OHdG is one of the major forms of DNA damage, including mtDNA, induced by ROS. Weak tubular staining for 8-OHdG was observed in young rats (Figure 3g ). In contrast, marked staining for 8-OHdG was observed in surviving tubules in old rats (Figure 3h ). The 8-OHdG-positive area in the cortex showed a statistically significant increase in old versus young rats (Figure 3i ). Microarray data also showed decreased expression of antioxidant genes, with the exception of superoxide dismutase 3, in the aged rat kidney (Table 4) . RT-PCR data also indicated that expression levels of catalase, superoxide dismutases 1 and 2, thioredoxin reductases 1 and 2, and glutathione reductase were significantly decreased in aged rat kidney (Table 5) . Mitochondrial Damage in the Aging Rat Kidney Next, we determined whether oxidative stress is involved in the observed age-associated deficits in tubular mitochondrial function and changes in mitochondrial morphology. The mitochondrial genome encodes 13 essential members of the respiratory chain. Among these, mRNA expression of nicotinamide adenine dinucleotide dehydrogenase subunit 1, nicotinamide adenine dinucleotide dehydrogenase subunit 2, and cytochrome b were examined by quantitative RT-PCR (Figure 4a-c) . All of these genes showed decreased expression in old versus young rats. To determine the presence of deleted mtDNA molecules in kidney samples from old rats compared with young rats, long-extension PCR and short-extension PCR of mtDNA were performed (Figure 4d ). The PCR products of long-extension PCR, but not short-extension PCR, were decreased in old rat kidney mtDNA compared with those in young rat kidney, indicating deletions of mtDNA in kidney were associated with aging. Cells deficient in COX are biomarkers of mtDNA defects. Therefore, we performed histochemistry for COX. Histochemical staining for COX in young rat kidney yielded an intense, fine granular pattern in the tubular cells (Figure 4h ). However, proximal tubular COX reactivity in old rat kidney was markedly decreased in most tubules (Figure 4i ). Some tubules showed faint reactivity, whereas the majority were completely nonreactive. The COX-positive area showed a statistically significant decrease in old rats compared with young rats (Figure 4g ). As mitochondrial dysfunction worsens, changes in mitochondrial morphology occur. Therefore, we assessed mitochondrial morphology by electron (Figure 4h and i) . Results showed swollen mitochondria in old rat kidney (Figure 4i ) with loss of cristae. Some mitochondria were remarkably large.
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VEGF Production under Conditions of Mitochondrial Dysfunction
To investigate the role of mitochondria on VEGF expression induced by hypoxia, we examined VEGF expression after a 24-h hypoxic period in normal hPTECs treated with myxothiazol, a mitochondrial complex III inhibitor (Figure 5a and c) . mRNA expression (Figure 5a ) and protein secretion (Figure 5c ) for VEGF showed a statistically significant increase in response to hypoxia, which was inhibited by pretreatment with myxothiazol. mRNA expression for another HIF target gene, heme oxygenase-1 (HO-1), was also decreased in response to pretreatment with myxothiazol Mitochondrial damage in aging kidney M Satoh et al (Figure 5b ). To clarify the role of mitochondria, we next created and examined r0 hPTECs. These cells also failed to show increased VEGF expression in response to hypoxia (Figure 5d ).
ChIP Analysis of the VEGF Promoter under Hypoxic
Conditions HIF-1 is a key transcriptional regulator of the VEGF gene. 15 Therefore, we assessed activation of HIF-1a by ChIP assay. 
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Specific primers containing 2 HIF-1a-binding sites were designed for the VEGF promoter (Figure 6a ). The ChIP assay was performed using an antibody specific for HIF-1a. Results showed that the primer set could detect HIF-1a activation in response to a 4-h hypoxic period (Figure 6b ). Mitochondrial dysfunction induced by pretreatment with myxothiazol or in r0 hPTECs showed reduced HIF-1a activation in response to hypoxia (Figure 6c ).
Effect of Mitochondrial Dysfunction in Response to Hypoxia on p38 MAPK and AMPK
To determine the precise mechanisms of HIF-1a activation, we examined the activities of p38 MAPK and AMPK because both pathways are involved in VEGF expression in response to HIF-1a activation 16, 17 or stabilization of VEGF mRNA. 18 In normal hPTECs, p38 MAPK was activated by a 2-h hypoxic period (Figure 7a ). However, no p38MAPK activation was observed in myxothiazol-treated hPTECs or r0 hPTECs. AMPK activity was also impaired in myxothiazol-treated hPTECs and r0 hPTECs compared with normal hPTECs (Figure 7b ).
DISCUSSION
The purpose of this study was to determine whether mitochondrial dysfunction in the aged rat kidney results in impaired angiogenesis and tubulointerstitial damage. Results showed increased tubulointerstitial damage and loss of proximal tubular cells and an increase in the cortical hypoxic area, but no increase in VEGF expression, in aged rat kidney. In addition, oxidative stress to the tubules was increased, mRNA expressions of the genes encoded by mtDNA were decreased, and mitochondrial morphological changes and dysfunction were observed. We also showed that mitochondrial dysfunction resulted in impairment of HIF-1a-dependent VEGF expression in response to hypoxia in cultured hPTECs. These results indicate that mitochondrial dysfunction blocks VEGF upregulation and contributes to impaired angiogenesis in the aging rat kidney.
We observed a decrease in VEGF expression in the aging kidney despite loss of proximal tubular cells and tissue ischemia. Several factors may be involved in the loss of proximal tubular cells, resulting in a situation in which the kidney is unable to undergo repair, owing to aberrant angiogenesis. Angiogenesis is a compensatory response of ischemic tissue to a lack of blood flow and oxygen supply. Compensatory angiogenesis appears to be restricted in the aging kidney. Decreases in angiogenic factors, increases in antiangiogenic modulators, and/or decreases in circulating endothelial progenitor cells may contribute to impaired angiogenesis. Decreased VEGF expression 5 and increased thrombospondin 1 expression, 19 as well as that of pigment epithelium-derived factor, 20 a major inhibitor of angiogenesis, have been reported in the aging kidney. In addition, it has reported that the numbers of circulating endothelial progenitor cells, which have significant roles in neovascularization of ischemic tissues, decrease with aging and become dysfunctional. 21, 22 A recent report indicated that chronic hypoxia attenuates VEGF signaling and angiogenic responses by downregulation of VEGF receptor 2 in human endothelial cells. 23 We confirmed that VEGF receptor 2 expression in the aging rat kidney was decreased compared with that in young rat kidney. This may provide a novel explanation for impaired angiogenic responses to VEGF in the aging kidney.
We observed an accumulation of oxidative stress in the aged rat kidney. Because mtDNA lacks the structural protection of histone protein or DNA-binding proteins, it readily undergoes oxidative damage in comparison to nuclear DNA. In addition, mitochondria are one of the main intracellular sources of oxidants under physiological conditions. Thus, oxidative modification and mutation of mtDNA occur readily, and the extent of such alterations increases with age. 24 Disorders of mtDNA produce abnormalities in mitochondrial morphology and function. 25, 26 Our present Table 5 Quantitative real-time PCR data for antioxidants in rat kidney
Gene Gene expression at 4 months (copy number/r18S) Gene expression at 24 months (copy number/r18S) Mitochondrial damage in aging kidney M Satoh et al results showed increases in functional and morphological disorder of mitochondria in aged rat kidney. Dysfunction in antioxidant ability is also related to the accumulation of oxidative stress. In the present study, we showed decreases in the expression of antioxidant genes with age. It has been reported that prevention of oxidative stress by antioxidant treatment also prevents age-related decreases in mitochondrial membrane potential and increases in mitochondrial size. 25 Therefore, antioxidant therapy might be useful for the preservation of mitochondrial function.
Mitochondrial damage can occur as a consequence of the disease processes. Therefore, maintaining a healthy population of mitochondria is essential for the well-being of cells. Autophagic delivery to lysosomes is the major degradative pathway for mitochondrial turnover. 27 Therefore, processing of abnormal mitochondria decreases, and the number of abnormal mitochondria within cells increases with declining autophagic function. The decline in autophagic activity results in tissue and functional disorders of the aging process. In aging cardiac myocytes, imperfect autophagic mitochondrial turnover results in the abnormal accumulation of mitochondria within myocytes, loss of contractility, and decreased survival time in culture. 28 However, there is a contradicting report that autophagy in the heart and liver do not decrease with age in ad libitum-fed rats and is enhanced by caloric restriction in the heart. 29 There are few reports examining autophagy in the aging kidney. Our examination showed that the expression of beclin 1, which has a significant role in autophagy, 30 was increased compared with that in young rat kidney (Supplementary Figure 3) . These results indicated that the mechanism of autophagy was normal in the aged rat kidney.
Our present in vitro results showed that mitochondria were essential for VEGF expression through HIF-1a activation in response to hypoxia, consistent with a report that the generation of mitochondrial ROS is necessary for hypoxic activation of HIF-1. 31 Activation of HIF-1 is important for VEGF-induced angiogenesis, and mitochondria are involved in HIF-1 activation. Inhibition of mitochondrial function reverses hypoxia-induced HIF-1 activation, leading to speculation of a role for mitochondria in cellular oxygen sensing. Inhibition of mitochondrial complex III by antimycin A1 inhibits HIF-1 activation and angiogenesis by a decrease in VEGF expression. 32 Activation of HIF-1 leads to the expression of a variety of adaptive genes in a coordinated manner. Studies utilizing HIF-1-stimulating agents showed efficacy in various kidney disease models, suggesting that HIF-1 activation is an ideal target for future therapeutic approaches. [33] [34] [35] We predict that renal damage may worsen as a result of mitochondrial disorders unless HIF-1 is activated. Impaired angiogenesis in response to mitochondrial dysfunction may be one of the basic conditions for renal damage in the aging kidney.
The most important role of mitochondria is the production of ATP. Mitochondria produce ATP by oxidizing pyruvate and nicotinamide adenine dinucleotide, which are produced in the cytosol during glycolysis. 6 Mitochondrial dysfunction may lead to deficits in cellular energy and compromise vital ATP-dependent cellular operations, including detoxification, repair systems, DNA replication, and the osmotic balance. Kidney function is highly dependent on the mitochondrial ATP supply; hence, the kidneys are particularly susceptible to declines in mitochondrial energy production. Under severe hypoxic conditions, mitochondrial ATP production ceases, leaving cells dependent entirely on their glycolytic metabolism. Thus, a decrease in ATP synthesis in response to mitochondrial impairment might result in a hampered response to mild or moderate hypoxia.
In the present study, we showed that AMPK and p38 MAPK activation in response to hypoxia was abolished in r0 hPTECs and in myxothiazol-treated hPTECs. AMPK and p38 MAPK are stress-activated protein kinases, and their 18 Under hypoxic conditions, AMPK activity is also critical for HIF-1 transcriptional activity and its target gene expression. 17 Phosphorylation of p38 MAPK is also required for hypoxia signaling. 16 In r0 endothelial cells, the amount of phosphorylated AMPK in response to hypoxia is decreased, 37 indicating that mtDNA is required for AMPK activation. In addition, the hypoxic activation of p38 MAPK and HIF-1 is abolished by myxothiazol, a mitochondrial complex III inhibitor, 16 suggesting that the mitochondrial respiratory chain is necessary for a normal response to hypoxia.
ROS of the mitochondrial respiratory chain are important for activation of HIF-1 in hypoxia. Mitochondria increase their generation of ROS through complex III during hypoxia. 9 These ROS participate in signal transduction pathways involved in adaptive responses, including ischemic preconditioning and gene transcription. Damaged mitochondria increase ROS production, resulting in the accumulation of oxidative stress. The question is whether these ROS participate in cell signaling. The vicious cycle theory postulates that typical mtDNA mutations cause host mitochondria to generate more superoxide anion and other ROS than normal mitochondria, thereby promoting the occurrence of additional mtDNA mutations at an accelerating rate. However, nearly all reported loss-of-function mtDNA mutations studied in vivo are large deletions, which (as the original statement of the theory noted, but which has been widely overlooked) should not trigger a vicious cycle because they will prevent the assembly of superoxide-generating enzyme complexes. 38 Swelling mitochondria show low membrane potential and low ATP production. Along with the decrease in mitochondrial membrane potential, ROS production, dependent on a normal proton concentration gradient, is low. Therefore, it is thought that impaired ROS production exists in abnormal mitochondria under hypoxic conditions in the aged kidney.
To prevent or decrease age-related renal damage, it appears that protection of mitochondria against oxidative stress is important. Angiotensin receptor blockers (ARBs) have been reported to decrease mitochondrial dysfunction. For example, renal mitochondrial dysfunction in spontaneously hypertensive rats was attenuated by treatment with the ARB losartan. 39 de Cavanagh et al reported that mitochondrial dysfunction and mitochondrial ultrastructural changes occur in aged rat kidney, and these changes are prevented by the ARB losartan. 40 In that study, the authors suggested that the association of ARBs with oxidative stress modulation might be effective in mitochondrial protection. We also showed the existence of mitochondrial respiratory chain damage and morphological change in aged kidney and also showed that these impairments result in low reactivity for hypoxia in aged kidney. Treatment with ARBs might be effective in improving impaired angiogenesis in aged kidney.
Renal injury itself could cause mitochondrial damage. Therefore, it is difficult to distinguish whether mitochondrial damage is the cause or result of renal damage. Tubulointerstitial fibrosis causes tubular hypoxia, which is the cause of age-associated mitochondrial dysfunction 41 and is involved in age-dependent tissue damage affecting the kidney. 42 However, if cell protective reactions against hypoxia work normally, renal tubular cells would survive, and renal damage would not progress. We demonstrated that impaired mitochondrial respiratory function causes low expression of cell-protective HIF target genes, such as VEGF or HO-1 against hypoxia in tubular cells. Therefore, mitochondrial damage may be one of the exacerbation factors for renal injury, not the main cause of age-related renal damage.
We did not directly show that mitochondrial dysfunction mediates the impaired hypoxic response to VEGF production in the aged rat kidney. Additional studies are needed to elucidate the precise role of impaired angiogenesis and its regulation in the aging kidney. Nonetheless, the present results indicate that dysfunctional mitochondria accumulate in the aged kidney in association with an increase in oxidative stress, probably owing to a decrease in antioxidant activity. This mitochondrial alteration altered cellular VEGF expression in response to hypoxia. Indeed, impaired upregulation of VEGF, possibly induced by mitochondrial dysfunction, contributes to impaired angiogenesis, which in turn leads to renal injury in the aging rat kidney. Protection of mitochondria against oxidative stress may be a useful strategy for the preservation of renal function in the aging kidney.
